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PROGRESS IN THE LOS ALAMOS SCIENTIFIC LARORATORY
PROGRAM I'0 DEVELOP THERMOCHEMICAL PROCESSES
FOR HYDROGEN PRODUCTION*

M. G. Bowman
Los Alamos Scientific Laboratory
Los Alamos, New Mexico 87545 USA

ABSTRACT

‘The Los Alamos Scientific Laboratory Program to develop thermochemical pro-
cesses for hydrogen production is based on attempts to develop criteria required
of an ideal process and to search for types of thermochemical cycles that approxi-
mate these criteria. The advantages of reactions with large entropy changes have
been demonstrated. The necessity for experimental verification of conceptual
cycles has become apparent from the program. This necessity has heen stressed
in the paper. It should be emphasized that any comparison of cunceptual cycles or
of engineering or cost analyses must eventually be based on real, rather than
assumed, data.

INTRODUCTION

The inherent higher efficiency and potentially lower cost for the thermochemical
production of hydrogen, versus the overall electrolysis path, is the motivation for
the Los Alamos Scientific Laboratory program to investigate thermochemical pro-
cesses for hydrogen production. The overall effort may be described as two com-
plementary programs. The first is a program of basic research in thermochem-
istry and inorganic chemistry (together with reaction rate studies) for a large
number of systems. The objective of this program is to synthesize (or recognize)
optimized thermochemical cycles. This research includes the evaluation and com-
parison of the many processes proposed by other workers. The second general
program is the application of results from the research program in more detailed
studics of the "uest” eveles with the objective of engineering practical, efficient ard
economically sound processes for thermochemical hydrogen production.

Up to the present time, most of the effort has been directed toward the identifica-
tion, experimentid verification and initial evaluation of chemical reaction cycles for
wiater decomposition.  From our own experience, and from an examination of pro-
poscd cycles published in the literature, it is apparcnt that hundreds of possible
thermochemical cycles will eventually be conceived. From cur own expericnce
again, it is quite clear that most of these cycles (including those already published)
will not merit sevious consideration after even a modest program of experimental

*Work performed under the auspices of the United States nergy Research
and Development Administration.
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testing. Some of the cycles where reactions have actually been demonstrated do
not meet the criteria required of an efficient and economic process. One can
conclude, therefore that the development of an industrial technolosy for the thermo-
chemical production of hydrogen will eventually require a large and comprchensive
research and development effort. If this effort is to result in a practical new
technology for hydrogen production it will be necessary to identify and develop
processes that are optimized not only from the viewpoint of thermochemical ef-
ficiency, but also with respect to such requirements as; 1) cost of materials and
chemicals; 2) materials of construction; 3) power requirements for the movement
and separation of chemicals; and 4) heat exchangers and flow characteristics that
permit efficient heat transfer at realistic power densities.

In our exploratory program, we are attempting to identify and test experimentally
those processes that seem to approximate the criteria require i1 for an ideal cycle.
In an earlier paper {1] we considered the step-wise decomposition of water and
concluded that specific values for the sum of the AS® terms and the sum of the
AH® terms are required for the endothermic reactions of the c,cle for maximum
heat efficiencies in the process. These specific and related values depend on the
temperature of the available process heat. These considerations also revealed the
necessity for reactions with large entropy changes for cycles with a minimum
number of reactions. We sugpgested the use of gazeous reactants in order to
achieve large cntropies of rcaction. Some of the gaseous reactants we have con-
sidered are sulfur dioxide, sulfur trioxide, selenium dioxide, carbon dioxide,
ammonia and the halogens.

Our recent and current studies of thermochemical cycles for water decomposition
have been concerned primarily with reactions involving sulfates and halides. In
the following sections, bhrief descriptions are given of the concepts that led to
different potential cycles togcther with summaries of experimental results obtained
during experimental evaluation of the cycles.

A. OXIDE-SULFATE CYCLES

These cveles are based on the observation that reactions of SO, (gas) with metal
oxides to form metal sulfates, quite uniformly involve AS® valies near -180 J/mol. K.
Values for o1t vury widely and depend on the metal sulfate. Thus, the combination
of this reaction with a reaction involving the addition of an oxygen atom to a metal

or metal oxile cun lead to successive or simultaneous reactions in which the com-
bined .58 values arc near -290 J/mol. K. This is ncar the ideal value derived for

a heat source neur 115001(. Consequently, cycles baged on this concepl appear

very attractive. The reaction cyele with water included as a reactant may be

wrilten as

A-1, SOZ(H) + “2((-)(2) + MO - MSO (2) (ol low temp,)

4y
A-2, Msc)4 - MO+ SO, (1) + 1/2 0,,(1) (at high temp, )
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Reaction A-2 is endothermic with typical 8° values near those required for maxi-
mum efficiency.

Many sulfates are known with decomposition temperatures suitable fur reaction
A-2 that are also sufficiently stable for reaction A-1 to be thermochemically pos-
sible. Among the least stable sulfates that might be useful in the cycle are zinc
sulfate and cobalt sulfate. For these sulfates, reaction A-1 {(with steam) is
thermochemically favorable for temperatures below ~ 415 K. For reaction A-2,
AHO (298) is +335 kJ/mol and the maximum pussible thermochemical efficiency
{orrihe cycle (the nct decomposition of water) is ~ 857%.

It should be noted that reaction A-1 does not represent thermochemical equilibrium
for the formution of sulfates which have practical decomposition temperatures. At
cquilibrium, sulfur plus the sulfate should be formed and one must be optimistic

te assume the above reaction will actually occur even though it is a permitted re-
action path, In our laboratory program, we have been unable to achieve rcasonable
ates for any of the permitted reactions in metal oxide, water and sulfur dioxide
systems. This includes reactions to form the very stable sulfates (c.g. BaSO 4)
where rcaction A-1 does represent thermochemical equilibrium,

The unsuccessful attempts to develop oxide-sulfate cycles have heen mentioned to
illustrate the concept and also to show the thermochemical considerations of sulfate
chemistry that led to conceptual cycles based on the formation and decomposition
of sulfuric ucid.

B. SULVURIC ACID CYCLES
In our experimental program, four different methords of sulfuric acid formation
have been studied as shown in the following reactions.
B-1. SO+ 21, 0(2) = IIZS()4(:lq. )+ 112 (Electrochemical)
<G (298) +a3kT /o). ° :: 0,17 VOLT.

B-2. 20, + L0+ T, - 1,80, (uq.) + 2HI(ag. )

-3, 8O ()4 Brp+ 210 = 80, + 21T (1)

B . ::,l:zsuz + 1120 - uzso_l +1/28

We have studied the decomposition of sulfuric acid and have found rapid and near
cquilibrinm decompositlon with suitable eatalysts at high temperature (900-1200 K).
The overatl reaction appears to be a practical process for absorption of heat from
i heat exchanger, Consequently, eycles involving sulfurie acid are of primary
interest in our program.
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C. HYBRID CYCLILS

Iwo hybrid (thermochemical plus electrochemicil) eyeles were cenceived and
studied experimentally as prt of the sulfuric acld work. One hybrid cycle is
represented by reiction B-1 combined with the thermal decomposition of sulfuric
acid. The second hybrid cycle is based on the clectrolytic decomposition of the
HBr formed in reaction B-3. The cycle concepts and some experimental data
have been published previously [1,2] and will not be repeated here. ©'rom our
work we concluded that such cycles might be fcasible. However, it seems too
early in the search for thermochemical cycles to abandon the potential additional
advantages of the pure cycles in favor of hybrid cycles.

D. BROMIDE-SULFATE CYCLES

The only example of a bromide-sulfate cycle that we have studied is in reality a
bromide~sulfuric acid cycle and is based on reaction -3 above. The cycle con-
cept may be illustrated as follows:

' » = - 0 ¢
D-1.  SC,) ¢ Br, + 21,0 = H,S0, 4+ 21Br (70-100 C)

D-2. 1,80, - 1,0 4 50, +1/2 0, (~ 800°C)

2774
D-3. uusrx + 2HBr =- 2mu—w1) v 1!2 (ow temp.)
0 . - s X g . . for .
D-4. "“Bl(x.—l) umnx + l.hz (high temp.)

Conceptually, this is an attractive cycle sincce the sulfurie acid produced in re-
action II-B-1 is quite concentriated and since the chariucteristic entropy changes
for the addition of a bromine atom (from bromine gas) to a cordensed phase are
ncar the optimura value for reaction D=3 to occur at low temperature and reaction
D-4 to i3 occur at temperatures near the sulfuiic acid decomposition tempera-
tuze. Thuese features should permit a cycle with rather high heat efficiency. How-
ever, we have been unable to find reactants suitable for reactions D=3 and D-4
with rcasonabiz rates for the low temperature reaction.  Recently, the use of
PdBr, cutaiysts kas promoted more rapid reaction rates. Some of these results
are being presented at this mecting 737,

E. SULFULIC ACID=-SULEFUR CYCLES

These eyeles are hased on reaction B=4 above, the formation of quite concentrated
culfuric acid and sulfur from sulfur dioxide and water at lew tempervature, This
reaction represents thermochemical equilibrium in the system although reaction
rites wie very slow (4], We are achieving some success in aceclerating the
reaction {5 and arve currently studying a rather Litige nuiaber of eycle concepts
based on the net reaction of sulfur with water to produce sulfur dioxide and
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hydrogen. VFor illus.rative purposes we have divided these conecepts Into two
families of cycles each with several sub-classes.

E-I. Sulfuric Acid-Sulfur-Oxide Cyeles

This family of cycles is hased on an initial reaction in which sv.fur reduces an
oxide to a lower oxlde or a metal, The diffcrent classes derive from alternatlve
methods of closing the cycle.

Class 1. The basic reactivns involve the reduction of an oxide with sulfur (at high
tcmperature) to produce sulfur dioxide, followed by reaction of the reduced oxide
with water (at low wemperature) to produce hydrogen. The indicated reacuons are:

E-1-a, MO . 5§ )~ N 0.5 SO
a (x+l)+ 0.5 S(ref.) MOx-l- 9

E-I-h, MOM + l|20 - Mo(x-l-l) + H2
For solid oxides, the cyele as written is not conceptually valid. Fgr an entropy
change typlcal of type I-b reactions (.S, ), the enthalpy change (ML) nceessary

for the reaction to occur, implies a £H value such that T- LS (for typicai (.S
values) will not equal .-;IIn at practical taemperatures and reaction I-a would not
occur. “herefore, some additional event with ndditional £S™ is necessary. For
this cluss of cycles, the additional .S is conceived to derive from the condition
where the oxide MO x+1) remains a condensed phuse (solid or liquid) at high temper-
ature and MOx is a }cnsoous phase. In this case, the new typical AS_ value will
permit the new reaction I-a to occur at temperatures that arc well a%ove the vapori-
zation temperature of M()\_.

From data contiined in the JANAF Tables, a I-a plus I-b type of reaction cycle in-
volving phosphorous and phosporic acids secemed thermochemically possible. Sinco
the eycle imvolved only liquids and gases (above the melting of S), the cycle
appearcd to be litructive. The conceptual cycle may be written as follows:

= -I-¢ ! 0 rl‘ i . D .!' . i .
E-l-c. 1oPOL 4 0.5 - 0.25 PO )+ 0.550, + 1.5 11,0 (high temp.)

F-I-d. 0,25 P-loﬁ +1.5 ll20 n,‘po (low temp. )

3(n)

E-l1-e. H PO, +H,0 -« H PO, . +H, (low temp.)

TP a(n)
In contrist w ti:e JANAF data, the heat of formation of PO, determined by Hartley
and MeCoubrey (67 'nelieated that reaction I-c could not occur. Therefore reactions
I-¢ and I-¢ were tested experimentsilly,  VVith palladium black as a catalyst, re-
action I-e wias conducted with some success, However, attempts to promote re-
action I-¢ were unsuccessful.

Tests of reaction I-c involved heating sulfur as liquid and as vapor with phosphoric
acld and with PO, (solid and liquid). Significant cvolution of sulfur dioxide wasg
not ohserved. Consequently, one can conclude that the heat of formation value for
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P 40 determined by Hartley and McCoubrey is accurate and that the value used for
the JANAF Tables is greatly In error.

Additional potential rcactants for the class 1 cycle have not been identified. A

scarch fur possible reactnits is hampered by the lack of available thermochemical
data.

Class 2: The conceptual reactions involve the reduction of an oxide with sulfur to
form a metal and sulfur dioxide, then the recaction of the metal with an acid (HCl
or HBr) to form 2 metal halide and hydrogen, followed by hydrolysis of the halide
to regenerate the oxide and the acid. The conceptual reactions are:

E-I-f. MO+ 0.58- M+ 0.5 £0, (high temp. )
E-I-g. M+ 2HCl - MCl2 + H2 (low temp, )
E-I-h. MClq + 1120 —-}MO + 2 HCl (medium or high temp. )

As indicated above, a reaction such as I-g is necessary for the procduction of hydro-
gen, since (for typical entropy charges)a metal that can be oxidized by water also
forms an oxide that is too stable for the sulfur reduction reaction (I-f).

From a survey of the limited thermochemizal data in the literature, it appears that
a few reactants may be useful in the class 2 type of cycle. Experiments have not
been performed.

Class 3. This type of cycle includes the I-g and I-f reactions shown above with
the assumed difference that the mctal halide produced in reaction I-gwill not react
directly with water and an additional step is used to effcct the hydrolysis reaction.
The following specific cycle illustrates the concept.

E-1-i. 0.585+ Cu20 =2Cu+ 0.5 802 (high temp. )
E-I-j. 2Cu + 2HBr = 2 CuBr + ll2 (low temp. )

E-I-k. 2CuBr+ MgO = Mglir2 + Cuzo (low tomp.)

E-I-1.  MgBr, + 1,0 = MgO + 21IBr (high temp. )

All of these reactivns have been demonstrated in our experimental program.
Reactons I- and I-1 are also used in industrial processes. Reactlon I-k actunlly
occurs in two steps.  First to yleld a concentrated solution of MgBr, that can be
separated from the insoluble Cu O and scrond to remove water from’the solution
to yicld MgD T, sy The cycle hds also heen demonstrited with [{C1 substituted for
HBr. Reaction i—j is more rapid with HBr. Other metals can be substituted for
copper in this type of cycle. Substitution for Mg migit also be possible.
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E-II. Sulfuric Acid-Sulfur-Oxide Sulfide Cycles

The different families or classes of cycles under this heading include a reaction
in which an oxide is reduced with sulfur to form a sulfide and the hydrogen pro-
‘luction step involves the decomposition of st'

Class 1. There is only one cycle in this class, however we have designated it as
Class 1 because it is really the baseline process for the additional classes of
cycles under the ahove heading. The reactions of this baseline cycle are:

E-II-a. 1,5 SOZ + 1120 - }[2804 + 0.5 S (low temp. )

E-I-b. 1,80, = Hy0+80,+ 0.5 0, (high temp. )

E-I-c. 1.5S(ref.)+ H,0 ~ H,8+ 0.5 SO, (high temp.)

2
E-II-d. 1,8~ H, +S (high temp. )

This baseline %yclc hus the very attractive characteristic that (above the melting
point of S, 119 C) only liquids and guses are involved. It is possibie that this
advantage will outweigh the obvious disadvantages. These are:

(i) The free cnergy change (- G) is positive for both reactions
O-c and II-d. Thus, work must be substituted for hLeat i
these endothermic reactions.

(2) Reactions II -c and II-d yicld guseous mixtures, in which the
product ases arc at significantly lower pressures than the
renctants. Thus, additional work will be required to separate
gases.

Since /G is positive for the two reactions, the thermochemical cycle, ns written,
is a combined Leut plus work cycle and equilibrium constants for the reactions are
less than unity at the maximum temperatures cxpected from practical heat sources.
Whether of not the attractive features of the cycle can be -ealized will depend on
actual yiclds achievable in reactions IT-¢ and II-d and also on the development of
mcthods to prevent excessive back reaction during cooling of reaction products.
Methods for separating product gases will require development.

In our experimentil program, all of the reactions of the baseline cycle have been
studicd and some succeess has been achieved in promoting possibly acceptable
reaction rates and reaction yields [6].

Class 2. The nbove basic cycle cin be modified by inserting a two step cycie for
reaction I-¢. This would permit the use of reactions where AG values are nega-
tive and also simplify the separation of product gases. The reactions are as
follows:
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E-Tl-e. MO+ 1.5 = MS + 0.5 80, (high temp. )
E-IO-f. NS+ 1[20 - MO + H_S, (low temp.)

Class 2 cycles would include the thermal decomposition of 11 2S as shown in
reaction II-d above.

There appear to be several metals where the difference in stability Hetween the
metal oxide and metal sulfide is near the value required by the reproducible
entropy changes associati:d with reactions of the II-e and If-f types. lowever,

as indicated in reference [77]. our most successful experiments have involved the
use of CO_ for reactions o1 the E-II-f type. Thus, a metal carbonate and llzs are
produced.  The metal carbonate is then decomposed in a separate step.

Class 3. In class 3 cycles, reaction II-c of the Lasic cycle would be retained, hut
reaction II-d would be replaced by the two reaction cycle.

E-IT-g. M’+ Ilzs - M'+ }12 (low temp. )
E-I-h. M‘S~ M’+1/28, (g) (high temp.).

From literature data, there appear to be several metal-mecal sulfide or sulfide-
sulfide couples suitable for reactions II-g and II-h, However, attempts to conduct
such rcactions at reasonable rates have been unsuccessful. We have testad the
couples: Bi-Bi253, NiS-NiSZ and FcS-l“eSz.

Class 4. Class 4 cycies would include both of the options described for the Class
2 and Class 3 cycles.

Class 5. In surveving the literature for reactants with thermochemisal properties
suitable for the Cluss 2 variation, it became apparent that there are many metal
oxide-metal sulfidle couples suitable for reaction II-e that will not undergo the
hydrolysis sthewn as reaction II-f.  In such cases, the sulfide could e reacted

with an acid. The use of CO,, described above is one example of this option. In

a second variation, a stronger acid (HHC1, for example) could be used to liberute
the t S and the metal salt then hydrolyzed to recover the acid and regenerate the
metal oxide.

If one recornices the different options available to complete the overall cycle and
also includes the diffcrent acids that might be used, one can divide Class 5 cycles
into several additional cycle types. However, for the present, we will include
these additional options under the Class 5 heading.

Since the verbal description of the Class 6 cycle is rathevr involved, it seems usceful
to depict the eycle with specific reactants for cach of the steps.,  One of the possible
cycles that we have conceived (including the sulfurie acid reactions) is the
following:
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B-I-i. 1.580,+1,0 ~ 1,S0, + 0.5 S (low temp.)

1

E-I-j. H,S80, ~ IL,O + SO, = 0.5 O, (high temp. )

4 2

E-I-k. 0.25 Fe,0, +1.25 5~ 0.75 FeS + 0.5 SO, (high temp. )
E-II-1. 0.7 FeS+ 1.5 HC1 - 0,75 FeCl2 + 0.75 HZS (low or inter. temp. )

coII-m. 0.75 FeCl_ + ~ 0.9 F .5
L-1I-m 07JP(‘(12 ll20 0 a}e3O4+1 .)HCL+

0. 25 112 (high te.np.)

E-II-n. 0.75 FeS + 0.75 1128 —~ FeS,+ 0.75 112 (low temp. )

2
E-O-o. 0.75 l-'e82 - F052 ~ 0.75 FeS + 0,75 S (high temp,)

This cycle is an example of how the number of reactions in a cycle can increase as
one adds additional reactions to promote a difficult step in a potential cycle. At
first glance certuinly, therc appear to be too many reaction steps for a credible
cycle. Obviously we are not considering the cycle for practical use. However, in
compurison to many cycles proposed in the literature, the cycle is actually advan-
tageous. Most of the reactions will actually occur. In addition, since the type of
rcaction step is more important than the number, ane can identify additional ad-
vantages for the cycle. These are:

1) ‘I'ne larpgest heat requirement for any process step is still the
decomposition of liquid sulfuric : .

2) There appear to be no difficult steps associated with the
separation of gases.

3) High concentrations of HCI are not required.

1) There :ppears to be no necessity for the formation of
solutions (ond subsequent drying. )

5) The totai heat requirement for all of the endothermic steps
iy suffciently low sc that a fairly high heat efficiency is
theoreticilly possible.

I'rom these considerations, it is possible to conclude that methods for the evalua-
tion of ¢yeles must be developed. We also wish to add that the most serious
criticism of the cycle should be that it inciudes at least one reaction (E-II-n) that
will not occur ai a uselul rate even though it is thermochemically possible.
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